Introduction
With the advent of drug-eluting stents and recent developments of novel concepts, which aim at a locally focussed release of different active substances, the exact local characterization of coating uniformity and thickness becomes more important. Whereas quality assurance is mainly based on microscopic inspection of individual stents, measuring of abluminal and luminal coating thickness as well as on critical morphological sites is still challenging. Coating thickness data obtained by confocal laser scanning microscopy, spectral reflectometry and microscopic analysis of longitudinal cross sections are compared and advantages of the different methods are evaluated.
Methods
Stent coating technology: Stents were coated with a chloroform-containing polymer/drug solution (82.5/17.5%, w/w) based on the biodegradable poly(Llactide) (PLLA) and sirolimus (SIR) using a selfdeveloped two-step spray coating process based on an air brush technology [1] . In each step the stent is mounted half-side in a stent holder, while the other half-side is coated under continuous rotation. Stent #1 was processed to achieve uniform coating, whereas stent #2 was coated with a hump by overlapping both coating steps in the stent mid section. Confocal laser scanning microscopy (CLSM) was used to determine abluminal coating thickness in a nondestructive way. Coating thickness was measured at 10 slightly different positions at each strut using the confocal laser scanning microscope LEXT OLS 300 (Olympus, Hamburg, Germany) and a PlanAchromat MPlanApo 100x NA 0.95 objective. Due to the high numerical aperture and short working distance of the objective, the luminal coating is not accessible in this way. Because the laser light transmits the PLLA layer, the estimated z-distance depends on the optical index of refraction of the medium. It is known to be in the range between 1.4 and 1.5 for PLLA, and has been assumed to be n = 1.5 in this study. Spectral reflectometry provides another optical nondestructive method for determination of thin film thickness. It measures thin film interference, i.e. the amount of light reflected from a thin film over a specified wavelength range. Abluminal and luminal coating thickness were measured using a Filmetrics thin film measurement system F40 (Filmetrics Europe GmbH, Unterhaching, Germany) set up on a Krüss MBL 3300 microscope (Krüss Optronic, Hamburg, Germany) using the wavelength range from 400 to 850 nm. As in the case of CLSM the optical index of refraction is assumed to be n = 1.5. Preparation of longitudinal cross sections: Stent samples were embedded in epoxy resin (EpoThin, Buehler GmbH, Düsseldorf, Germany) and cured for 8 h. The samples were ground along their longitudinal axis and further polished using an aluminium oxide suspension. Luminal and abluminal coating thickness along the longitudinal stent axis were determined at 5 different positions at each appearing strut by means of wide field optical microscopy (Olympus LEXT OLS 3000). Coating thickness was measured on two opposed measuring lines (line 1 and 2 in Fig. 1-4 ) along each stent. Great care was exercised to achieve coincidence of the measuring lines in all applied methods to ensure comparability of the data. All data are given as mean ± standard deviation.
Results
Abluminal coating thickness distribution for stent sample #1 and two opposed positions along the stent measured with all three methods, CLSM, spectral reflectometry and microscopic analysis of cross sections, is displayed in Fig. 1 . Coating thickness is quite uniform for both measured lines and along the stent axis. Mean coating thickness obtained with different methods is in the range of 7.06 -7.20 µm. All data agree quite well within the error bars (see Tab. 1). The luminal coating thickness for this sample is compared using spectral reflectometry and cross section analysis in Fig. 2 . Mean values are slightly lower, as it is expected for this kind of coating process, but agree closely within the error bars as well. Abluminal and luminal coating thickness for stent sample #2 and both opposed measuring lines is shown in Fig. 3 and 4, respectively. Standard deviations of mean values along the stent are higher due to the created hump structure in the stent mid section. However, the agreement of data curves at each individual measuring point is still very favorable. Data curves obtained with different methods are hard to distinguish from each other. Scattering of the data is in both specimens remarkably lower for the reflectometry. 
Discussion
Compiled data of drug-eluting coating thickness measured with CLSM, spectral reflectometry and direct analysis of longitudinal cross sections show remarkable agreement for two differently processed stent samples. Mean values for abluminal and luminal coating thickness agree within the error bars for both stents. CLSM is able to detect the abluminal coating. Luminal coating is not accessible because of the small working distance of high aperture objectives. Microscopic evaluation of cross sections yields most comprehensive information not limited to coating thickness, but also elucidating nonuniformity or coating failures on individual struts. It is, however, connected with considerable man power and time effort and thus not suited for routine analysis. In contrast, spectral reflectometry is fast, nondestructive and able to detect both, abluminal and luminal coatings, without any need for sample preparation, making it the method of choice for routine characterization for a number of different polymer/drug-coated medical devices.
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